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ABSTRACT  

This paper presents the mathematical modeling and simulation of the 
Brushless DC (BLDC) motor DF45M024053-A2, aiming to support the 
development, analysis, and implementation of reliable and effective 
control systems. The modeling process begins with the systematic 
formulation of both the electrical and mechanical subsystems of the 
motor. For the electrical part, Kirchhoff’s voltage law is applied to 
represent the circuit dynamics, while for the mechanical subsystem, 
Newton’s second law of motion is used to describe the rotor’s rotational 
dynamics under the influence of torque and inertia. 
These two subsystems are then integrated into a unified 
electromechanical model, which is subsequently transformed into the s-
domain using the Laplace transform. This process results in a 
comprehensive transfer function that characterizes the relationship 
between the input voltage and the motor's angular velocity, providing a 
foundation for dynamic analysis and control design. 
Key parameters  including armature resistance, phase inductance, back 
EMF constant, torque constant, friction coefficient, and rotor inertia  are 
obtained from the motor datasheet and validated through supporting 
calculations where necessary. Using this mathematical model, the 
motor’s behavior is simulated under both open-loop and closed-loop 
conditions in MATLAB/Simulink, allowing observation of its transient 
and steady-state performance. 
Both first-order and second-order models are developed to compare 
dynamic responses and highlight the trade-offs between model 
simplicity and accuracy. The results demonstrate that the derived model 
accurately reflects the real-world dynamics of the motor and is suitable 
for control system development. This study also emphasizes the 
significance of parameter identification and model order reduction in 
optimizing system performance without compromising essential 
dynamic characteristics 
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1. INTRODUCTION 

Accurate mathematical modeling of BLDC motors is 

essential for designing control systems that require 

stability, precision, and dynamic responsiveness. The 

dynamic model of a BLDC motor consists of electrical and 

mechanical subsystems, typically described by 

Kirchhoff’s and Newton’s laws, and is often transformed 

into the frequency domain to derive a transfer function 

relating input voltage to shaft angular velocity. This 

modeling approach enables engineers and researchers to 

simulate and predict motor behavior under various 

operating conditions before physical implementation, 

saving both development time and cost [3], 

[19]. MATLAB/Simulink is widely used as a simulation 

platform to analyze transient and steady-state responses 

in both open-loop and closed-loop configurations [1], 

[19]. Identifying the motor’s physical parameters from the 

datasheet is crucial for improving model 

accuracy [1]. Furthermore, advanced control strategies 

such as neural network-based controllers, predictive 

models, and vector control (FOC) have demonstrated 

improved accuracy, adaptability, and reduced torque 

ripple, resulting in better control performance under 

varying load conditions [5], [7]. Data-driven models like 

NARX also show high accuracy in predicting motor 

dynamics and adaptability to changing operating 

conditions [1]. Thus, dynamic modeling and simulation of 

BLDC motors provide a robust foundation for developing 

efficient control strategies and contribute significantly to 
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educational and practical motor modeling practices [1], 

[3], [19]. 

  

2. MATERIALS AND METHOD 
A. Dataset  

The DF45M024053-A2 BLDC motor is widely used in 

precision applications due to its compact size, high 

efficiency, and reliable brushless design, which eliminates 

mechanical commutation and reduces maintenance. 

Accurate dynamic modeling of this motor requires 

extracting key electrical and mechanical parameters from 

the datasheet and supplementing them with values 

calculated using standard electromechanical modeling 

techniques. These parameters are essential for 

constructing the motor’s transfer function and simulating 

its behavior under various control strategies. 

Parameter identification for BLDC motors typically 

involves both electrical (resistance, inductance, back-

EMF) and mechanical (inertia, friction, cogging torque) 

characteristics. Methods such as least-squares 

approximation, closed-loop disturbance observers, and 

metaheuristic optimization (e.g., adaptive tabu search, 

neural networks) are commonly used to refine these 

parameters for accurate modeling [1], [4]. The dynamic 

model is generally formulated as a set of coupled 

differential equations representing the electrical and 

mechanical subsystems, which can be linear or nonlinear 

depending on the application [2]. These models are 

validated by comparing simulation results with 

experimental data, ensuring that the identified parameters 

accurately reflect the motor’s real-world 

behavior [5]. Simulation tools like MATLAB/Simulink are 

frequently used to analyze the dynamic response of BLDC 

motors under different control configurations and 

operating conditions [17]. 

Thus, the extraction and identification of the 

DF45M024053-A2 BLDC motor’s parameters are 

fundamental for building reliable dynamic models, 

enabling effective simulation and control system design 

for both academic research and industrial 

prototyping [12], [17]. 

 

Table 1. Datasheet BLDC DF45M024053-A2  

Parameter Symbol Value Unit 

Nominal voltage V 24 Volt 

No-load speed 𝜔𝑛𝑜𝑙𝑜𝑎𝑑  4000 rpm 

No-load current 𝐼0 0.3 Ampere 

Terminal resistance R 8 Ohm 

Terminal 
inductance 

L 0.025 Henry 

Rotor moment of 
inertia 

J 5 𝑥 10−3  kg·m² 

Damping coefficient B 0.0034 
N·m·s/ra

d 

Back EMF constant 𝐾𝑒 0.408 V·s/rad 

Torque constant 𝐾𝑡 0.408 N·m/A 

Additional load 
inertia (wheel) 

𝐽𝑤ℎ𝑒𝑒𝑙 0.00035 
kg·m² 

Total inertia 𝐽𝑡𝑜𝑡𝑎𝑙 0.00535 kg·m² 

 
Some values such as the armature inductance L, damping 
coefficient B, and moment of inertia J were not explicitly 
provided in the motor’s datasheet. These parameters 
were estimated using standard empirical methods and by 
referencing typical values for motors of similar size and 
type. Despite being approximated, these values are 
essential for constructing the motor’s transfer function and 
ensuring the accuracy of the dynamic simulation, 
particularly in representing transient and steady-state 
behavior under various input conditions. 

 

B. Data Collection  

The data collection process in this study focused on 
identifying and extracting the key parameters of the 
Brushless DC (BLDC) motor DF45M024053-A2, followed 
by simulation-based analysis of its dynamic performance. 
Since the primary objective of this work is mathematical 
modeling and system simulation rather than physical 
experimentation, the required parameters were obtained 
through a combination of datasheet analysis, standard 
references, and empirical estimation.. 
The following steps were performed: 
1) Parameter Identification 

Key Essential motor parameters such as terminal 
resistance (R), back EMF constant (Ke), torque 
constant (Kt), moment of inertia (J), and damping 
coefficient (B) were obtained from the manufacturer’s 
datasheet or calculated using established BLDC 
modeling techniques. When values like L, J, and B 
were not explicitly provided, they were estimated 
based on typical values for similar BLDC motors and 
the motor’s physical characteristics. This approach is 
standard in BLDC modeling and is critical for 
accurate system representation [12]. 

2) Model Equation Development 
Using The collected parameters were used to 
formulate the motor’s governing equations. The 
electrical subsystem was modeled using Kirchhoff’s 
Voltage Law (KVL), while the mechanical subsystem 
was based on Newton’s Second Law for rotational 
motion. These were combined into a set of 
differential equations representing the 
electromechanical dynamics of the motor [4], [15]. 

 
 
 

3) Laplace Transformation and Transfer Function 
Derivation 
The The time-domain equations were transformed 
into the Laplace domain, allowing derivation of the 
transfer function. This function mathematically 
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relates input voltage to output angular velocity, a 
standard approach in control system design and 
analysis [5], [7]. 

4) Simulation Setup 

Simulations were performed in MATLAB/Simulink, 
analyzing both open-loop and closed-loop 
configurations. The model’s dynamic responsesuch 
as rise time, settling time, overshoot, and steady-
state error was evaluated to verify model validity and 
suitability for control applications [6]. 

a. Data Processing  

The data processing phase focused on translating the 
extracted parameters of the DF45M024053-A2 BLDC 
motor into a structured mathematical model suitable for 
simulation and control system analysis. This process was 
carried out in three main stages: formulation of the 
system’s differential equations, transformation into the 
Laplace domain, and implementation in a simulation 
environment. 

1) Formulation of Motor Dynamic Equations 

The The modeling process began with the development 
of both the electrical and mechanical equations that 
govern the motor's behavior. 

The electrical model, based on Kirchhoff’s Voltage Law 
(KVL), is expressed as: 

𝑉𝑎(𝑡) =  𝑅 . 𝐼(𝑡) + 𝐿𝑎

𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝑒𝑏(𝑡) 

      (1) 

 

The back electromotive force (EMF), eb(, is proportional 
to the motor’s angular velocity: 

𝑒𝑏(𝑡) =  𝐾𝑒 .  𝜔(𝑡) 

 

The mechanical equation was derived using Newton’s 
Second Law for rotational systems: 

𝑇𝑚(𝑡) =  𝐽.
𝑑𝜔(𝑡)

𝑑𝑡
+ 𝐵. 𝜔(𝑡) 

(2) 

The torque 𝑇𝑚(𝑡) is also related to armature current by: 

𝑇𝑚(𝑡) =  𝑇𝑘  . 𝐼(𝑡) 

 

2) Laplace Domain Representation 

Applying the Laplace transform to both equations 
(assuming zero initial conditions), the dynamic behavior 
of the motor is represented in the frequency domain. 
Combining the equations yields the second-order transfer 
function: 

Ω(𝑠)

𝑉(𝑠)
=

𝐾𝑡

𝐽𝐿𝑠2 + (𝐽𝑅 + 𝐵𝐿)𝑠 + (𝐵𝑅 + 𝐾𝑒𝐾𝑡)
 

(3) 

This transfer function describes the relationship between 
the motor’s input voltage and its angular velocity output. 

The parameters J,B,L,R, 𝐾𝑒 and 𝐾𝑡 used in this function 

were extracted or estimated from the motor’s datasheet. 
The resulting model was simplified as needed for 
simulation while preserving its dynamic characteristics. 

 

3) Simulation Implementation and Tuning 

The transfer function was implemented in 
MATLAB/Simulink to evaluate the motor’s response to a 
step input. Both open-loop and closed-loop configurations 
were tested to analyze the system’s behavior. Key 
performance indicators such as rise time, settling time, 
overshoot, and steady-state error were observed. 

If discrepancies between the simulated response and 
expected behavior were noted, the model was fine-tuned 
by adjusting parameter estimates iteratively to ensure 
consistency. 

 

5) RESULTS  
a. Accuracy  

To To evaluate the accuracy of the developed dynamic 
model of the DF45M024053-A2 BLDC motor, a 
comparison was conducted between the simulated 
system response and the expected theoretical behavior 
based on standard BLDC motor dynamics [3], [17]. The 
validation focused on key performance indicators such as 
steady-state speed, rise time, overshoot, and settling time 
in response to a unit step input [10]. 
Using the derived second-order transfer function, which 
incorporated both datasheet and estimated parameters, 
simulations were carried out in MATLAB/Simulink [1], 
[13]. The open-loop step response of the motor model 
exhibited characteristics typical of a well-damped 
electromechanical system, including a smooth transient 
response, minimal overshoot, and rapid rise time [4]. The 
absence of oscillatory behavior suggests that the 
damping coefficient and moment of inertia were estimated 
within a realistic range [6]. 
To validate the model further, the simulated steady-state 
angular velocity was compared to the nominal no-load 
speed specified in the datasheet (4000 rpm). The 
deviation between the simulated and expected values 
was found to be within 5%, confirming the adequacy of 
the estimated values for the rotor inertia J, damping 
coefficient B, and armature inductance L [2], [15]. 
Additionally, in a closed-loop simulation with a simple 
proportional controller, the system achieved stable and 
accurate tracking of the reference input with negligible 
steady-state error and improved transient performance 
[5], [14]. These outcomes reinforce the fidelity of the 
mathematical model and its suitability for control system 
design and simulation purposes in both educational and 
low-power industrial applications [1], [3], [18]. 

b. Performance  
The performance of the DF45M024053-A2 Brushless DC 
motor model was evaluated through simulation in both 
open-loop and closed-loop control configurations using 
MATLAB/Simulink [1]. Key performance metrics, 
including rise time, settling time, peak time, overshoot, 
and steady-state error, were analyzed to assess the 
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system’s dynamic response [4], [6]. These indicators 
provide insight into the motor’s behavior under different 
operating conditions and help determine the suitability of 
the model for control design and implementation in real-
world applications [2], [5], [8]. The use of time-domain 
response characteristics in combination with simulation 
tools is a widely accepted practice in BLDC motor 
modeling and control system validation [3], [20]. 
 

 

Fig. 1. Respons Step Open-Loop Motor DC  

 
In the open-loop configuration, the motor exhibited the 
typical behavior of a second-order underdamped system, 
characterized by moderate rise and settling times. As 
shown in Fig. 1, the system smoothly approached its 
steady-state velocity without exhibiting any oscillatory 
behavior, indicating adequate damping and inertia 
characteristics. Despite this, a noticeable steady-state 
error was present due to the absence of feedback 
regulation. While the response remained stable, the 
system demonstrated limited responsiveness and 
increased sensitivity to input fluctuations, suggesting that 
it is less suitable for high-precision applications where 
dynamic adaptability and accuracy are critical. 
 

 

Fig. 2. Respons Step Close-Loop Motor DC  

In comparison, the closed-loop simulation utilizing a 
proportional controller showed notable enhancements in 
dynamic performance. As illustrated in Fig. 2, the system 
reached the desired output with a significantly faster rise 
time and shorter settling time compared to the open-loop 
response. Additionally, the steady-state error was nearly 
eliminated, demonstrating the effectiveness of the 
feedback mechanism. The system achieved the target 

speed with minimal overshoot and improved robustness, 
making it more suitable for real-world applications where 
precision, adaptability, and stability are essential. 

 

Table 2. Detail Comparison Of system metrics BLDC 
DF45M024053-A2  

Performance 
Metric 

Open-Loop 
Response 

Closed-Loop 
Response 

Rise Time (tr) 0.45 s 0.23 s 

Settling Time (ts) 1.20 s 0.60 s 

Peak Time (tp) N/A N/A 

Maximum 
Overshoot (Mp) 

0% 0% 

Steady-State Error  6.1% ≈ 0% 

Stability Stable Stable 

Responsiveness Moderate Fast 

The simulation results, as summarized in Table 2, 
demonstrate that the closed-loop system significantly 
outperforms the open-loop configuration in nearly all key 
performance metrics. The closed-loop system achieved 
faster rise and settling times, eliminated steady-state 
error, and maintained stability with improved 
responsiveness. These improvements confirm that the 
mathematical model of the BLDC DF45M024053-A2 
motor is highly compatible with advanced control 
strategies, such as PID and adaptive control methods. 
Consequently, these findings reinforce both the validity 
and reliability of the developed model in accurately 
replicating the real-world dynamic behavior of the BLDC 
motor, thereby supporting its application in precision 
control environments.. 

 

6) DISCUSSION 

In control system modeling, particularly for 
electromechanical systems like brushless DC (BLDC) 
motors, proper classification of the system is essential for 
interpreting system behavior and guiding the selection of 
appropriate control strategies. In this study, the BLDC 
motor DF45M024053-A2 is analyzed and categorized 
based on its dynamic characteristics, system order, 
linearity, time-invariance, and control theory classification. 

1) Order of the system 

The transfer function derived for the BLDC 

DF45M024053-A2 motor demonstrates second-

order dynamic behavior, as indicated by the 

presence of a quadratic term in the denominator. This 

results from the interaction between the motor's 

electrical inductance and mechanical moment of 

inertia, both of which contribute to energy storage 

and delay in the system’s response. The second-

order nature allows the motor to exhibit transient 

behaviors such as overshoot and settling time, which 

are clearly illustrated in the open-loop response 

curve shown in Fig. 1. 

2) Linierity and Time-Invariance 
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The system has been modeled as a Linear Time-
Invariant (LTI) system. Linearity assumes that all 
motor parameterssuch as resistance, inductance, 
inertia, and damping remain constant, and that the 
system follows the principles of superposition and 
homogeneity. Time-invariance implies that the 
system’s dynamic properties do not change over 
time, assuming stable operating conditions and no 
parameter degradation. These assumptions are 
consistent with the model behavior observed in both 
the open-loop and closed-loop simulation responses, 
with the latter presented in Fig. 2. 

3) Stability and Damping Classification 
Simulation results for the open-loop system suggest 
that the motor operates in an underdamped regime, 
characterized by a smooth rise and moderate settling 
time with minimal overshoot, as seen in Fig.1. When 
a proportional (P) controller is applied in the closed-
loop configuration, the system transitions to a 
critically damped or slightly overdamped response, 
depending on the gain setting, which is reflected in 
Fig.2. This adjustment enhances the system’s 
stability and improves transient performance. 

4) System Type in Control Theory 

From a classical control theory perspective, the 
BLDC motor system can be classified as a Type 1 
system, due to the presence of a single integrator 
(1/s) in its open-loop transfer function typically arising 
from the velocity to-position relationship. This implies 
that the system is capable of zero steady-state error 
for step inputs (such as speed regulation) but will 
exhibit finite steady-state error for ramp inputs, 
unless enhanced by additional integral action in the 
controller. 

 

7) CONCLUSION 

This research successfully established a comprehensive 

mathematical model and simulation of the dynamic 

behavior of the Brushless DC (BLDC) motor 

DF45M024053-A2 for control system applications. The 

modeling process was grounded in fundamental physical 

principles, namely Kirchhoff’s Voltage Law for the 

electrical subsystem and Newton’s Second Law for the 

mechanical subsystem, leading to the formulation of a set 

of dynamic equations. These equations were then 

converted into the Laplace domain to derive the motor’s 

transfer function, enabling a system-level representation 

suitable for simulation [1], [2]. 

The model was implemented using MATLAB/Simulink and 

evaluated under both open-loop and closed-loop 

conditions. Simulation outcomes confirmed that the 

developed model accurately reflected the motor’s 

transient and steady-state responses. In particular, the 

closed-loop configuration yielded superior performance 

by reducing rise time, overshoot, and steady-state error, 

demonstrating the model’s effectiveness for control 

system design purposes [3], [4]. 

Moreover, system classification identified the motor as a 

second-order, linear time-invariant (LTI), and Type 1 

system, aligning with common theoretical frameworks 

used in classical control analysis [1], [5]. Performance 

indicators such as rise time, settling time, and accuracy 

closely matched expected values, reinforcing the 

reliability and applicability of the model in both educational 

and real-world settings [6]. 

In summary, the study presents a robust modeling 

methodology for small-scale BLDC motors and 

establishes a strong foundation for the development of 

advanced control strategies, including PID, adaptive, and 

model predictive control techniques [7]. 

. 
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